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SUMMARY“

hasbeenfoundthatradioautographsofactivatedmetalfoil
a mesmsforobtainingtherelativedistributionofparticles
fromthefoilandhencealsoprovidea meansforobtainingthe

the-averageddistributionof particlesinthecrosssectionof the
besmwhichcausedactivationof thefoil.Thishasbeenestablished
inparticularforKodakSuperPanMess B film,developed8 minutesat
78°F h DK-~ developer,providedthemaximumphotographicdensityof
theradioautographiskeptbelow1.1. Themethodhasbeenconfirmedby
directcomparisonof densityvaluesandcountratesandhasalsobeen
verifiedforhigherenergycom~nentsof the 13-raysemittedfromthe
foils.

INTRODUCTION

A radioautographicmethodis suggestedasa convenientmethodfor
examiningthedistributionofparticlesina cyclotronbeam. Fora
givenener~ ofparticles,theactivityproducedby themat a ~int on
a foilisproportionaltotheparticledensityof thecorresponding
petitof thebeamcrosssection.It isthepurposeof theexperiments
describedbelowto establishthefeasibilityof thephotographicmethod
by showingthatthephoto~phicdensityproducedby an activesample
isproportionaltothep-rayactivityofthesample.Theworkwas
exploratoryinnature,andtheexperimentalmeasurementswerenot
repeateda sufficientn@er of timestowarrantan estimateof the
averagerandomerrors.

ThisinvestigationwascarriedoutatTheOhioStateUniversity
ResearchFoundationunderthesponsorshipandwiththefinancial
assistanceof theNationalAdvisoryCommitteeforAeronautics.
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Metalfoilswerefastenedtoa probeandplacedinthebesmofthe
OhioStateUniversitycyclotroninsidethevacuumchamber.Theywere
thenbombardedwithdeuteronsof 10millionelectronvolts,andafter
removaltheinducedactivity.wasmonitored.’Whenitwasfoundthat
thefoilswereinthedesireddecayperiod,theywereplacedincon-
tactwithphotographicfilms,andradioautographswerethusobtained
forvariousfoilsandvariousexposuretimes.

In figure1 is showna printofa radioautographof copperfoil
0.001inchthickobtainedh theabovemanner.

ESTABLI~GPHOTO~C MEI!EOD

Someofthefactorswhichmustbe satisfiedinorderthatthe
photographicmethodbeusefulasa meansfordeterminingg therelative
activityofa foilatvariouspints initare:

(a)A linearrelationbetweenexposure(activitytime)and
photographicdensity

(b)Consistentresultsforvariousrangesof energyofthe
particlesbeingemittedbythesource

RELATIONHETWEENDENSITYA.ND!3-RAYACTIVITY

Inordertoestsblishthedensityrangeoverwhichthefirstof
theseis satisfied,thefolJmwingprocedurewasused.Activatedfoils
werecutintoa largenumberof smalJpiecesabout2 millimeterssquare.
Thesewerecementedtoa sheetofwper, in~sitioncorrespondingto
their~sitionsintheoriginaluncutfoil.,buteachwasnowseparated
andlabeled.Ratioautographsforvariousexpsureswerenowobtained
(seefig.2). Thepiecesoffoilwerethenseparatelycutoutand
theirP-rayactivitiesmsasured,allbeingcorrectedtothesametime
ofmeasurement.Thecorrespondingphotographicdensitiesproducedby
thepiecesintheradioautographwerefoundby measuringthedensities
ofthe-blackenedareasproducedby eachsmallpiece;thesemeasurements
weremadeona Leeds& NorthrupWrr-Alberstypedensitometer(catalog
no.6700P-1)andrecordedon specialpaperby meansofa Leeds&
NorthrupSpeedomaxRecorder.
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Sincethemeasured~-rayactivitiesobtabedforeachpiecewere
averagevaluesforallactivepointsineachpiece,theave~gevalues
ofthedensitiesoftheircorrespondingradioautographswereused.
Suchaveragevalueswereobtainedby takingthedensityvaluehalfway
betweentheminimumandmsximumvaluesobtainedby scanningtheradio-
autographsintheirdirectionsofmsximumdensitygradient.

A summaryofdataobtainedthus,usingKodakSuperPanPress
B filmdevelopedinDK-50developerfor8 minutesat @o F isg’ivenin
tableI. (Adiagramofthepositionsofthepiecesof copperfoilis
givenin fig.5, toprightcorner.)Stripsaretakenpsrallelto the
mostdenseedgeoftheradioautographof assembledpieces(fig.1).
Exposuresaregiveninarbitraryunitsof j3-rayactivitytimestimeof
exposure.

IntableIIaregivendataobtainedforMicrofilefilmdeveloped
inD-19developerfor4 minutesat ~“ F.

Fromfigure3 it is evidentthatan approximatelylinearrelation
existsbetweenexposure(~-rayactivitytimestime)anddensityvalues
to about1.10,inthecaseofKodskSuperPanPressB film. Inthe
caseofKodakMicrofilefilm(fig.4),thisappearstobe trueup to
densitiesof about1.0at least,althoughinsufficientinformationwas
obtainedto findwheretherelationbecomesnonlinear.Itmaythere-
forebe concludedthat,forthesetwotypesoffilm,densityispropor-
tionalto exposureto ~-raysup to densityvaluesof 1.0. Thisvalue,
therefore,definesa limitwithinwhichtheradioautographicmethod
canbe usedformeasuringactivity.

DIRECTCOMPARIEK)NBETWEENREIATm

ANDRELATIVEACTMTIES

DENSITIES

A directcomparisonbetweenrelativedensities’andrelative
activitieswasobtainedby normalizingdensitydatato theirmaximum,
normalizingcorrespondingcountingdatato tlieirmaximum,andplotting
correspondingpointsasfunctionsofpositiononthesamegraph.Such
a plotforcomerfoilisgiveninfigure,5..Hereactivitiesand
densityvalueswe plottedasfunctionsofpositionalonga strip,each.
stripbeing2 millimeterstideandcutparallelto‘themostactiveedge
ofthefoil.DatafartheseplotssregivenintableIII. Innormal-
izingdensitydatato a msximti,itisnecesssrytobe surethatthis
maximumisbelowdensityof 1.1. Ifthisisnotthecase,thecali-
brationcurve(fig.3)maybe usedto giveonlya roughideaofdensity
valuescorrectedtothelinesrportionofthecurve.To obtainthe

. . — ——— . — ———
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bestvalueforthismsximwn,thedensitydatawereplottedandan
averagecurvedrawnthro@hthepointsh theregionofthemsximum.

In tableIIIitwillbe notedthatthedensitiesoftheelements
of strip1 attainvaluesof greaterthan1.1and,hence,accordingto
thecalibrationcurve,arenotproportionalto activitiesinthis
region.

Itwasthereforenecessarytonormalizealldensityvaluesby
fittingstrip2 datatothecorrespondingnomalizedactiyitydata.
Themaximumdensi~inthiscaseis1.15,justslightlybeyondthe
safelimit.

In figure5 itcanbe seenthatithephotographicandcounting
methodsformeasuringrelativeactivi~agreewithintheerrorsof
measurement.Thedataforfigures3 andkwereobtainedwiththe
smallpiecesoffoilillustratedinfigure2. Edgeeffectswith
thesesmallradioactivefoilsareprobablythemostsignificant
sourcesoferrorinthesefigures.Fortheintercomparisonofthe
twomethodsshowninfigure5, itwasassumedthateachfoilwas
2 millimeterssqusreoDeviationsinactualsizesofthefoils
undoubtedlyaccountforsomeofthediscrepanciesbetweenphoto-
graphicdensi@andfirayactivityfora givenfoil. -

DISTRIBUTIONOFACTIVITYFORHIG3-ENERGY13-RAYS

To exsminethedistributionofactivityforvariousenergyranges
of ~-rays,fourlayersofSuperPsmPressfilmwereplacedoveracti-
vatedcopperfoilwiththeemulsionsidefacingthecopper,and
exposuresweremadetoobtaina suitabledensityfroma particular
film. Infigure6 thedistributionof activi~fromthetitsof
tableI is comparedwiththedistributionof activityobtainedfrom
thefourthfilm.Thesurfacedensi~ofthefilmwas31.2milligmns
persquarecentimetersothateachinterveninglayer offilmreduced
theenergyoftheparticlesby an averageof0.16millionelectron
volts,andthethreetogetherreduceditby 0.33millionelectronvolts.

ThedataoftableIV sreplottedinfigure6, wheretheyme com-
paredwiththeactivi~curvesoffigure5. Agreementappearstobe
good,butcurvesdrawnthroughthepointswouldbedisplacedslightly
totheright.Thisisdueto an errorinestimatingthepositionof
thebeginningofthestripswherethesepartsareofverylowdensity.

.
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USEOFGOLDFOILAS ATARGET~

Goldfoilwasusedasa targetmaterialsmdbombardedwithdeuterons
of10millionelectronvolts.Whentheactivitysettleddownto that
ofthe2.8-dayhalf-life,radioautographsweretakenandtheseinturn
weremicrophotometered.

ThemicrophotometerdataaregivenintableV, andplotsofthese
dataaregiveninfigure7.

In figure7 it willbe notedthatdatafrombothexposuresforthe
normalizeddensi~curvesforthefirststripareingoodagreement,
whilethepointsforthe30-secondexposurelieslightlyabovethose
forthe60-secondexposure.inthecaseofthesecondstrip.This.is
probablyduetoan errorinestimatingthepositioncorrespondingto
thesecondstriponthemicrophotometertraces,sincemicrophotometer
traceswereallmadeindirectionsperpendiculartodirectionsofthe
strips.Thereasonforchoosingthisdirectionisthatthedenseedge
oftheradioautographalwaysprovideda goodreferencepoinftomeasure
fromona microphotometertrace.

Figure7 cannotbe directlycomparedwithpreviousfiguressince
a differentparticledistributionfromthatinotherbombardmentswas
probablyobtained.

RESULTS

A surveyoftheaboveWormationrevealsthefollowtig:

(a) Approximatelya linesrrelationexistsbetweenexposureto
~-raysandphotographicdensity,forKodakSuperPanPressB and
Microfilefilms,ifdensitiesarebelow1.0.

(b)Thedistributionofrelativeactivityon a foilmaybemeas-
uredby thephotographicmethod,andtheerrorsinvolvedseemtobe
smaller(seefig.3)thanby theuseofa countingmethod;thatis,

“ thedataappearmoreself-consistent.

(c)Simplicityandconvenience~ featureswhichfavorthephoto-
~phic methodinpreferenceto a directcountingprocedure.

(d)Choiceoffilmmustbe governedby theparticularnatureof
theinvestigation.If itisdesiredtoknowparticledistributions
rangingfromveryslighttoverydense,a filmwitha wideexposure
latitudefor~-raysmustbe used.

—.—— –- –— _ ___ _ _ .—.-...__.—. .—__
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Ifjhowever,itisdesiredto seewhetherornotthereareslight
deviationsfromfairlyuniformdistribution,thena filmwitha high
contrastandshortexposuxelatitudeforP-raysmustbe used. (Kodak
SuperPanl?ressB orpossiblyRTBemulsionwouldbemoresuitable.)
Thelatitudeofanemulsionfor13-rayscannotbe foundfromdata
obtainedby useof ught,butshouldbe determinedexperimentallyusing
theradiationstobe tivestigated.

DISCUSSIONOFRESULTS

Theexposure-densityrelation,obtainedfor~-raysincidentonthe
filmsused,isinagreementwiththeresultsof otherinvestigators.
Itwasesrlyestablished(reference1)thatintheregionof smallexpo-
suresthisisa straightlinepassingthroughtheorigin.Therelation
betweenener~ of~-raysanddensityhasalsobeeninvestigated(refer-
ences2 and3)andismorecomplicated.Thef3-rsysusedintheexperi-
mentsperformedherecontaineda continuousdistributionofenergy,so
thatthedensitydata-presentedinthisreportareaveragedoverthese
energies.

Cr=bergandHalpern(reference3)havedemonstratedthatthe
exposure-against-densityrelationforelectronsof ~,thousandelectron
voltsandincidenton IlfordB-2platesislinearup to densityvalues
of1.70. Hencejsuchemulsionwouldbeusefulforradioautographicwork
onrhodiumfoilbombardedwithdeuteronsifwidelatitudeto conversion
electfonsweredesired.(ActivatedrhodiumemitskO-Kevconversion
electronsina prolificmanner.)

TheOhioStateUniverse@ResearchFoundation
Colunibus,Ohio,Septeriber12,1949

.
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‘l!ABLEI

IMAFORCOPPERFOILOH-- PiWPI=SBFIIJf

-n-milleQosure

strip

7

6

Piece (%-%J$
O.(X)9
.017
.032
.039
.037

:%
.06
.010
.@
.006

rkulsity Imldty

0.043
.080 0.19

.29

.32

.35

.36

.32

.23

0.05
.07
.06
.14

:$
.09
.05

0.01
.09
.13
.16
.21

:$

:$

0.02
.13
.23
.27

%
.30

:%

.150

.U35
;1$

.lgo

.123

.047

.038

.028
.08

$

0.032
.052
.062
.064
.074
.074
.046
.022
.008

0.147
.246
.*4
.XK
.350
.350
.ZL8.
●104
.037

O*3I.
.41
.55
.68
.64
.64
.42

●✎

0.024
.056
.093
.115
.120
.IJ.o
.lCO
.06!3
.02-7
.009

5 3
10
17
24
3J-

?$
52
59

:

0.114
.265
A&

.568

.520

.473

.32’7

.128

.043

0.49
.67
●89
.97
.94
.91
.88

.12 .

0.336

:%
1,010

4 0.0?3.
●W3
.180
.21.4
.2+
.203
.1$?7
.U.2
.051
.O1o
.Cn6

o.13
.15
.47
.47
g

.46

.29

.16

.01

0.47
1.05
1.*
1.201.11o

.960

.910

.530

.242

1.15
1.20

.16.047
.028.

—. .- . —. ——- -
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TABLEI

~~ FORCOPPERFOILONKODAKSUPERPANPRESSB FILM- concluded

15-minexposure 71-minexposure

rip Piece Exposure
(ar~~

Exposure
Density (ar:tra’y Density

3 5 0.044 0.1.1. .:“:?
12 .215 .38 . 0.85
19 .366 .58 1.73 1.10
26 .442 .74 2..09 1.45

.450 .83 2.13
?.? .408

:.60
●77 1.93

47
1.50

.381 .47 1.80 1.35
;: .221 .49 1.05 1.20

.on .24 .36
68 .017 .08 .080 .22
75 .010 .03 .047

2 6 0.080 0.24 0.380
13 .26 .53 1.23 0.95
20 .36 .66 1.70 1.03
w .60 1.08 2.84 1.65
34 .61 1.15 2.89
41

1.9
.60 1.18

48
2.84 2.0

;;; 1.00 2.75 1.50
55 .72 .85 1.40
62 .15 ●35 ●71
69 .022 .15 .105 .46
76 .016 .06 .076i I4

1 7 0.09 0.28 0.426
14 .374 .66 1.770 1.15
ZL .640 1.I.5 3.03 1.16
28 .872 1.30 4.13 1.90

.805 1.40 3.81’ 2.00
z 1.000 1.45 4.73
4

2.00
.950 1.25 4.50 1.70

;; .490 1.15 2.32 2.00
.270 .63 1.28

70 .060 .27 ●29 .88
77 .030 .15 ●14

9

— —-——.—— . — _________ ——— .—-..
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TABLEII

DATAFORCOPPERFOILONMICROFllEFDM

[ 1~lf-life,12.7b; p energy,”().6wv

65-mtiexposure 113-minexposure

Strip Piece Exposure Exposure
(ar~-y Density (ar~~ Density

1 1
4 0.048 0.084
7 .173 .300 0.19
10 .550 O*35 .956 .61
13 .951 ●57 1.65 1.12
16 1.000 .84 1..74 1.50
19 .976 ●55 1.70 1.10
22 .018 .55 .31 .96
25 .600 1.04 .84

2
~ 0.052 0.09

.272 .472 0.27
11 .571 0.41 .990 .62
14 .786 .61 1.37 .86
17 .846 .45 1.47 .70
20 .676 1.18 .62
23
26 .410 !.

3 3
6 0.324 0.19 o.2@ 0.35
9 ‘.269 .468
12 .198 .16 1:$ .39
15 .164 .18 .22’
18 .173 .27 .300 .20
a .060 .10 .1.1
24
27

-

— —
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TABmIrI

COMPARISONBlmmm R.ECATIVEDENSITIESMD mm

ACTIVI’I’E9FORCOPPERFOIL

Strip Piece Position Density H0=li2ea Normalized
(mm) density activity

1 1 0.28 0.14-9 o.og5
li .70 .370 .374
a ; 1.18 .6I2 .640
28 7 1.30 .692 .872

9 1.38 .735 .97
Z u 1.40 .745 1.000
49 13 1.5 .665 .$Fjo
~: 15 1.10 .595 .4go

17 .65 .345 .270
70 19 .27 .14 .060
77 21 .15 .Q9 .030

2 6 1 0.24 0.128 0.080
13 .57 .304 .260
20 ; .66 .350“ .360
27 1.08 .575 .600
34 : 1.15 .612 .612
41 Il. 1.08 .575 .600
48 13 .505 .575
55 15 :8 .345 .in
62 17 .35 .186 .147
69 19 .15 .08 .022
76 21. .06 ,03 .016

3 5 1 0.15 0.044
. 12 .38 0.20 .215
19 ; .58 .31 .366
26 .74 ,40 .442

; .83 .44 :4~
E u .77 .41

13 .57 ●3O .381
2 15 ‘ ‘ .49 .26 .221
: 17 .24 .13 .075

19 .08 .04 .017
75 a .03 : .01 .010

4 4 1 0.11 o:g9 O.on
11 .15 .093
18 ; .35 .19 .180
25” .47 .25 .21.4”
32 ; .50 .27 .234

U ;g .27 .203
E 13 .22 .192
53 15 .29 .15 .112

17 .16 .09 .CFjl
$ 19 .01 .005 .010
74 23. .006

.— .—. .—. .— —.—
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TA13mIzI

coMemN BETWEENRELATIVEDET?SI-ANDREIATIVE

A~ FORCOPPERFOIL- CO’nChd3d

Strip Piece Position Dsnsity Normalized Norrlnlized
(m) density activity

5 3 1 0.02 O*O1 0.024
10 .13 .07 .056
17 ; .23 .I.2 .093
24 .14 *w
31 ; :; .16 .I.20

Xl .30 .16 .11o
;; 13 .26 .14 .100
52 u .10 .069
59 17 :Z .04 .02-7
66 19 .009
73 a

6 1 0.01
; .08 0.04 0.032
16 ; .13 .07 .052
23 .16 .85 .062
30 ; .21 .1.1 .066

IJ. .23. .ll .074
:1 13 .19 .10 .074
51 15 ●U .08 .046
;; 17 .07 .04 .(X2

19 .008
72 a

7 1 0.009
: 0.05 0.02 .017
15 ; .07 .04 .032
22 7 .06 .03 .039
29 9 .14 .07 .037
36 u .05 .O*
43 13 :Z .05 .040
50 15 .09 .05 ,ce6
57 17 .05 .03 .010
64 19 .008
71 21 .006

.

..

—— .— —-— —



NACATN 2650
,.

TABLEIv

RATAFOR13-RAYSAT FOURTHF~ INSTACK

~er~ decreasedby 0.33Me~

13
.

Strip

2

,.

3

.

4

Position
(h)

13
16
19

1
4
7

10
13
16
19

1
4

L.1”
“13 ‘‘..
16 .
19

Density

0.06
.45 \
.80
.90
.80
.50
.(I3 ~

0.03

;;

.51

.25
●Q5

0.10
.34
● 35
.32
.15
.04

Normalized
d.ensity

0.04
.31
.55
.62
●55
●35
.06

0.02
.14

‘; :$?
.35
.17
.03

O.q
.23
.24
.22
.10
.02 “

—...— —. -. -....—.————-—...—— —. ——.— —-- ——-—



14 NACATN 2650

Strip

1

2

TABLEV

MICROPHOTOMETERDENSITYFORFILMEXPOSED

‘Ii)RADIOA-- GOIDFOIL

[~~-life, 2.69days; p energy,0.966MX]

Position
(m)

1

;
7
9

IL
13
15
17
19

1

;

;
l-l
13
15
17
19

30-secexposure

Normalized
Density &nSity

0.05
.14
●33
.41

::

:2
● 33
.15

0.03
.10
.24
.32
.36
● 37
.36
.32
.24
.08

0.10 .
.29
.69
.85
.92

1.00
.96
.87
.69
.31

0.07
.Z1
.50
.67

::
.75
.66
.50
.16

60-secexposure’

I Normalized
Density density

0.06
.32

‘.64
.78
.83
.90
.85
.75
.62
.30

0.02
.19
.42
.58

:%
.62
.54
● 35
.ll

0.06
.36
.71
.87
.92

1.00
.95
.83
.69
● 33

0.02
.ZL
.47
.65
.66 i
.71
.69
.60
● 39
.12

.

. . — —-
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Figure1.-Printof radioautographofactivatedcopperfoil0.001inch
thick,x6.

.

Figure2.- Printofradioautographofcopperfoilof
mannerofcutting.

figure1 showing

-. -—. ._—..————.—-— ..--.—— .—— ——. —
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Figurek.-Relationbetweenphotographicdensityandexposureto j3.rays
forKodakMicrofilefilmdevelopedk minutesat 7’8°F inD-19developer.
DensitymeasuredonLeeds&NorthrupKuorr-Albersdensitometerusing
SpeedomaxRecorder.
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